Objectives: Expert judgement of exposure levels is often only poorly or moderately correlated with directly measured levels. For a follow-up of a historical cohort study at a Söderberg aluminum smelter we updated an expert-based semiquantitative job exposure matrix of coal tar pitch volatiles (CTPV) to quantitative estimates of CTPV and benzo(a)pyrene (BaP).
INTRODUCTION
In the past 15 years significant advancements have been made in quantitative assessment methods for retrospective occupational studies. Many methods to estimate quantitative exposure levels have been used alone and in conjunction with other techniques, with the options dictated by the availability of exposure measurements (Stewart et al., 1996) . Calculation of means and the use of simple algorithms are limited to time periods with available exposure measurements. The use of statistical models, both deterministic and empirical, is increasing because of their ability to borrow information in a rigorous and repeatable manner to predict exposure levels for circumstances where no measurements were made (Dement et al., 1983; Eisen et al., 1984; Yu et al., 1990; Hornung et al., 1994; Kromhout et al., 1994; Burstyn et al., 2000) . Experts have been frequently asked to estimate exposures for studies and time periods where measurements are limited or lacking (Spinelli et al., 1991; Astrakianakis et al., 1998; Kauppinen et al., 2002) . However, numerous studies have found that the experts' exposure estimates are *Author to whom correspondence should be addressed. Tel: +1-604-822-8960; fax: +1-604-822-9588; e-mail: melissaf@interchange.ubc.ca often only poorly to moderately correlated with directly measured exposure levels (Kromhout et al., 1987; Hertzman et al., 1988; Hawkins and Evans, 1989; Teschke et al., 1989; Post et al., 1991; de Cock et al., 1996; Teschke et al., 2002; Friesen et al., 2003) . Their findings support the rigorous use of exposure measurements over expert opinion whenever possible.
A 15-year study update at a vertical stud Söderberg aluminum smelter together with 25 years of personal coal tar pitch volatiles (CTPV) exposure measurements collected at the smelter provided an opportunity to update the original expert-based semiquantitative job exposure matrix (JEM) (Spinelli et al., 1991) . A comparison of the original JEM with available exposure measurements found that the expert committee's exposure estimates were only moderately correlated with a measurementbased exposure assessment strategy (Spearman's rho = 0.42) (Friesen et al., 2003) . Additionally, several areas where improvements were possible were identified, including better characterization of transitions between exposure categories, accounting for exposure differences between pot lines, and providing finer discrimination between exposure categories.
The study update was also an opportunity to quantitatively assess benzo(a)pyrene (BaP) exposure levels, one component of CTPV. BaP has been suggested to be a more specific marker of the carcinogenic potential of the potroom fumes (Theriault et al., 1984; Armstrong et al., 1986; Armstrong et al., 1994; Farant and Gariepy, 1998) . The use of non-specific exposure metrics such as CTPV may introduce exposure misclassification, in particular when the causal component may be differentially related to the broader exposure mixture, i.e. by work area.
To move from an expert-based to a measurementbased exposure assessment for this study update required combining several approaches to maximize the information from exposure measurements, which we described in this article. The method used depended on the type of information and availability of exposure measurements for each job. Statistical models to predict annual exposure levels for each job within the potrooms were the foundation of the quantitative exposure assessment. Measurementbased approaches were used wherever possible; however, the use of expert opinion after calibration of their estimates with measurement-based approaches was necessary for estimating exposures for the earliest time periods. With a measurementbased approach, finer discrimination between exposures was possible compared to the original study. The move to a quantitative CTPV and BaP JEM is expected to reduce exposure misclassification so that we may better assess the exposure-response relationships between potroom exposures and cancer incidence and mortality in the 15-year aluminum smelter study update.
METHODOLOGY

Description of facility
The updated study cohort consists of 6395 men and 597 women who worked for three or more years at a vertical Söderberg aluminum reduction plant in British Columbia (BC), Canada, between 1954 Canada, between -2000 . Aluminum is produced in carbon-lined steel shells ('pots') by electrolytic reduction at 1000 C of alumina (Al 2 O 3 ) to aluminum in molten cryolite (Na 3 AlF 6 ). In a Söderberg smelter the pots are supplied with an anode paste consisting of petroleum coke and coal tar pitch. In the potrooms the paste is baked in situ resulting in the continuous generation of CTPV, a complex mixture that includes known carcinogens such as polycyclic aromatic hydrocarbons. There are $900 operating pots at this smelter in seven pot lines. Each pot line represents a group of pots connected in series on the same electrical circuit. The pot lines were grouped (Lines 1-2, Lines 3-5 and Lines 7-8) based on construction dates to reflect similarities in technology and building ventilation and to reflect working units used administratively by the smelter. Exposure to CTPV occurs primarily to operators and maintenance workers in the potrooms, in potlining and potshell repair areas, and the carbon plant where anode paste is prepared. There is negligible exposure to CTPV in the casting, wharf/ transportation, power operations and administration departments.
A modernization program was implemented at this smelter in 1975 to reduce the generation of potroom fumes and lower worker exposure. Over the next 10 years improvements were made in several areas as follows: building ventilation was improved, potroom vehicle and crane cabs were enclosed and cab air filters were improved, double burners and improved gas collection ducts were installed on the pots to capture the emissions, dry anode technology was implemented to reduce emissions at the top of the anode, automated studpulling was implemented to minimize the amount of time workers spent above the pots, crane maintenance bays were installed and improved to separate crane maintenance workers from the potrooms, and a new carbon plant was constructed. Many of these technological improvements took several years to fully implement and each pot line group was updated at different points in time. For instance, dry anode technology was implemented in Lines 1-2 in 1985 -1988 , in Lines 3-5 in 1979 -1981 -1987 , and in Lines 7-8 in 1995 . Additional details of these technological changes are included in Friesen et al. (2003) . Between 1975 Between and 2001 Between , 2624 personal CTPV (measured as benzene soluble materials) and 1275 personal BaP exposure measurements were collected by the company and by a regulatory agency. Samples collected by the regulatory agency for compliance purposes accounted for 13% of CTPV measurements and 69% of BaP measurements. Personal exposure measurements were predominantly collected in the potrooms, accounting for 92% of the CTPV measurements and 86% of the BaP measurements. Approximately 180 and 100 CTPV area measurements were collected within the potrooms pre-1975 and 1976-1979, respectively. Samples were collected using 37-mm sampling cassettes with fiberglass filters, desorbed with benzene. Company CTPV exposure measurements collected pre-1982 were analyzed by using a moving wire detector (Pye LCM-2) to carry the benzene extract to a flame ionization detector (Alcan Arvida Research Laboratory Method, unknown year). For company measurements after 1982 and all compliance measurements, the benzene was evaporated and the residue was weighed (Alcan Kitimat Laboratories Standard Method 2020, 1983; Workers' Compensation Board of BC Method 3350). BaP was analyzed by evaporating an aliquot of the benzene extract to dryness and redissolving the extract with acetonitrile. The acetonitrile aliquot was analyzed by liquid chromatography with a fluorescence detector (Workers' Compensation Board of BC Method 2102).
Exposure measurements
Exposure assessment process
The exposure assessment strategy consisted of several stages to maximize the use of the exposure measurements (Fig. 1) . While a large number of personal CTPV and BaP measurements had been collected by the company and a regulatory agency from the mid-1970s onwards, exposure measurements were not available for all exposed jobs. For 1977-2000 exposure estimates, these stages included modeling exposures for potroom operations and maintenance jobs, calculating mean exposures for non-potroom locations, and extrapolating exposures for jobs without measurements. Estimating pre-1977 exposure levels involved backwards extrapolation of 1977 exposure levels. These stages are described in detail below.
Develop statistical models
Personal full-shift measurements (minimum duration 6 h) were used to build statistical models to predict CTPV (1977 CTPV ( -2001 and BaP (1975 BaP ( -2001 exposures. Samples less than the detection limit were assigned an exposure 1= 2 p times the detection limit (CTPV: n = 51; BaP: n = 10) (Hornung and Reed, 1990) . Separate mixed effects models were developed for potroom operations jobs (CTPV model: n = 1868; BaP model: n = 773) and for potroom maintenance jobs (CTPV model: n = 505; BaP model: n = 230). The potroom operations model for CTPV contained six jobs as follows: anode assistant, anode operator, controlman, equipment operator, studblast operator, foreman and cell operator (ref: cell operator and foreman). For the BaP potroom operations model, no exposure estimates for anode assistant could be determined as no measurements were collected on that job. The potroom maintenance model contained eight jobs as follows: crane maintenance (unspecified trade), gas collection (also known as exhaust maintenance), cell startup operator, stud repair, potroom repairman, electrician, welder and millwright (reference).
A key aspect of the statistical model was modeling the time trend as a linear spline. Using a linear spline allowed for different linear rates of change in each specified time interval while constraining the functions for each interval to meet at the interval boundaries (Harrell, 2001) . A linear spline function can be modeled as fixed effects in any linear regression procedure by transforming the independent time variable. For instance, if exposure Y was to be explained by a linear spline function of a time variable X with four time periods with boundaries (knots) of a, b and c, then three additional variables (X À a), (X À b) and (X À c) would need to be created and offered in the model as fixed effects in addition to variable X (equation 1). Except for the main time effect X, the additional spline terms must be constrained to be positive values or else set to 0. Overall linearity in X can be tested by testing H 0 :
The time intervals used in the models were based on start and end dates of technological improvements made in the smelter that were previously identified (Friesen et al., 2003) . These dates were used to determine time periods of similar technology and periods of transition, with each time period covering two or more years. The implementation dates of technological improvements varied by potroom group, so a separate time trend was modeled for each potroom group, with 5-6 time periods per potroom group. The time period cutpoints used in the potroom operations models were as follows : 1981 : , 1983 : , 1985 : , 1987 1979 , 1983 , 1986 and 1988 and 1980 , 1983 , 1995 for Lines 7-8. In the maintenance models no potroom line specific time trend could be determined as maintenance services was centralized for many time periods. Instead, four time periods (cutpoints: 1979, 1981, 1983 and 1985) were specified dividing the major period of technological change into 2 year periods. Note that the variable 'Year-1977' is the main time effect in all models: we have subtracted 1977 to set the baseline to equal 0, but unlike the additional terms to allow a spline time trend, this main time effect is not constrained to be a positive value.
Other variables offered as fixed effects in the models were job, potroom group (Lines 1-2, Lines 3-5 and Lines 7-8), season (winter/summer), measurement source (company or regulatory agency) and a job-time period interaction term. A random worker term was included to account for correlation within repeated measurements on the same worker. The models were constructed using the PROC MIXED restricted likelihood method using the natural log of the exposure measurements as the dependent variable (SAS version 8.0; SAS Institute Inc., Cary, NC, USA). The model structure is given in equation 2, where Y ij was the CTPV or BaP exposure level for the i-th individual on the j-th day; X ij was the log-transformed (base e) exposure level; b o was the intercept; Sb d x (determinant of exposure d) was the summation of all model coefficients for the fixed effects, including main effects, interaction terms and linear spline terms, multiplied by the value of the fixed effect (0/1 or continuous variable); b i is the random effect to account for between-worker differences not accounted for by the fixed effects; and e ij is the within-worker differences not accounted for by the fixed effects. Both b i and e ij are assumed to be statistically independent and approximately normally distributed with a mean value of 0 and with variances s 2 B and s 2 W , respectively. An example of how to apply each model is provided in the footnotes of the tables listing model parameters.
The models were constructed using a manual backwards regression procedure. For the CTPV models in each iteration the variable with the highest P-value was eliminated until all variables had a P-value of < 0.10. For the BaP models, jobs that had been significant in the CTPV model were kept in the model regardless of P-value because measurements for many jobs were sparse and the aim was to predict exposures rather than determine statistical differences. Residual plots were examined for patterns in unexplained variance. Cook's D was used to identify influential values in the models. The models were used to predict an annual arithmetic meanŶ Y mk for each job (m) in each year (k, 1977-2000) using equation 3, whereX X mk is the predicted exposure (natural log-transformed) from the regression equation,ŝ s 2 B is the estimated between-worker variance component andŝ s 2 W is the estimated within-worker variance component. Within each time period, the annual arithmetic means for each job were averaged to obtain a time-period specific exposure estimate.
Calculation of means and extrapolation of exposures
The models did not predict exposures for jobs with no exposure measurements or jobs in work areas outside the potrooms. However, the models were used in conjunction with estimates of the proportion of time spent in exposed areas for each job to assign jobs in the models to one of seven exposure categories for CTPV and BaP for each time period. For CTPV, the four categories used in the original study (none, 0.01-0.2, 0.2-1, >1 mg m À3 ) were divided for finer discrimination of exposure levels. as benzene soluble materials). For BaP, the categories were determined from observing the range of predicted exposures over time from the BaP exposure models. The seven BaP categories were none, 0.05-0.49, 0.5-0.9, 1.0-2.9, 3.0-6.9, 7.0-13.9 and >14.0 mg m À3 . For some jobs in non-potroom plant areas (cathode lining, the anode paste plant and potshell repair) a limited number of exposure measurements were available. The arithmetic mean was calculated from the available personal full-shift measurements and used to determine the appropriate exposure category.
For jobs/time periods that had no exposure measurements, each job was compared to the time-specific mean for jobs with measurements with similar tasks but that may have differed in the amount of time spent in exposed areas. For instance, one maintenance job (Job 1) with no measurements that spent 25% of their work day in the potrooms was compared to another maintenance job (Job 2) that spent 75% of their work day in the potrooms with a predicted CTPV exposure of 0.7 mg m À3 for that time period from the CTPV maintenance model. ). The type of tasks and the proportion of time spent in exposed areas for each job and time period were determined from interviews with senior employees. Time period differences occurred primarily in maintenance and service departments as departments were reorganized, centralized and decentralized at various times, which were represented in the work histories as changes in department names. As in this example, the exposure category assigned to the job was often in a lower exposure category than its comparison job as these jobs spent less time in exposed areas than the jobs with measurements. Jobs with no exposure measurements were primarily maintenance, technician and engineering jobs that spent only a portion of their time in exposed areas and the remainder of their time in trade shops, offices or other non-exposed plant areas (i.e. casting, wharf and power operations).
Backwards extrapolation of 1977 exposure estimates
The time period 1954-1976 was a relatively stable technological period at the smelter with few major changes. The original exposure assessment identified two major improvements that would be expected to decrease exposure levels as follows: (i) improvements to the pot gas collection system (gas skirts and gas burners) in 1960 and (ii) an expansion of the carbon plant in 1966, which included ventilation and exhaust improvements. There were no measurements available for this time period aside from a limited number of area measurements in the early 1970s. The updated measurement-based 1977 exposure levels were used to calibrate the original expert-based exposure estimates. We then applied the relative changes in exposure levels from the original assessment to assign exposure categories for each job and time period pre-1977.
RESULTS
The fixed effects from the potroom operations and potroom maintenance models explained approximately 45 and 40% of the variability in the data for CTPV and 27 and 19% for BaP, respectively (Tables 1  and 2 ). The source of measurement (company or regulatory agency) was not significant in the models. The season was only significant for the BaP potroom operations model. For CTPV four to five distinct time periods with different rates of change in exposure were identified for each potroom group for potroom operations jobs whereas only two distinct time periods were identified for BaP exposures. A short-term peak in BaP exposures in 1981 is accounted for by the use of a specific pitch type in the smelter that was only in use for 1 month; this pitch had a substantially higher level of BaP than other pitch types. This peak was not observed in the maintenance model as no measurements of maintenance workers were collected in during the 1 month this pitch was used. No statistical differences between electricians, welders and millwrights could be determined due to the large variability in exposures. Similarly, maintenance job differences pre-1981 were not observed, although job differences in later time periods were observed with the inclusion of job-time period interaction terms. Other pitch differences could not be detected in the BaP models due to the use of year in the models and the lack of overlap between pitch types.
For both CTPV and BaP the total variance was smaller for the operations models than the maintenance models. For CTPV, the between-worker and within-worker variance components were greater for the maintenance model (0.328 and 0.489, respectively) than for the operations model (0.087 and 0.371). For BaP, the between-worker variance was not estimatable ($0) in the potroom operations model due to very few identifiable repeated measures on the same worker, but the within-worker variance was large (1.27). The BaP maintenance model had much larger between-worker (1.67) and withinworker (0.624) variance components than the other models. Total variance was much greater in the BaP models than the CTPV models. The between-worker variance component contributed more to the total variance in the maintenance models than in the operations models.
The models' predicted CTPV and BaP exposure levels for pot operator and potroom maintenance workers are displayed in Figs 2 and 3, respectively. Since the time trend was modeled on a 363 Exposure assessment at a Söderberg aluminum smelter log-transformed scale, the linear trend for each time period in the model translates to an exponential change once retransformed to the original exposure units. To account for the seasonal differences in BaP exposure levels for potroom operations jobs, the annual exposure level was weighted by the proportion of months in each season (5/12 * summer exposure levels + 7/12 * winter exposure levels).
The updated CTPV and BaP JEMs for all jobs are presented in Table 3 . For the epidemiological analyses, cumulative exposure was calculated.
For jobs not in the models the midpoints of the exposure categories were used. The highest exposure categories were assigned a value of 2.5 mg m À3 for CTPV exposure and 18 mg m À3 for BaP exposure, respectively. For the time period 1977-2000, the models were used to estimate exposure for $57% of the exposed person-years and accounted for nearly all of the high and moderately exposed jobs at the smelter. Direct calculation of exposure was used for 6% of the exposed-person-years. The remaining 37% of the exposed person-years required adjusting the model-based exposure estimates based on proportion of time spent in the potrooms and represented jobs with low exposures. Substantial changes occurred in the 1977-2000 CTPV estimates compared to the original estimates. These differences occurred because we better characterized when exposure changes occurred through the use of the linear spline time trends and because we used more exposure categories. Discrepancies between a measurement-based and the original CTPV exposure estimates for this time period were previously reported in a validation study of the original exposure estimates (Friesen et al., 2003) .
For the most part, the updated CTPV exposure estimates for 1954-1976 did not differ substantially from the original exposure estimates. Small differences occurred due to the finer discrimination in exposure categories and the resulting change in category midpoints (i.e. 0.6 mg m À3 became 0.7 mg m 
DISCUSSION
The advantage of a statistical model over direct calculation of means is its ability to borrow information across jobs and time periods to predict exposures where direct measurements were not available (Stewart et al., 1996) . However, owing to limitations in the type of determinants offered in models, exposure levels for some jobs or time periods may not be directly obtained from predictive models. In this All variables except year were entered as dichotomous variables (0 = no/1 = yes). b Variables starting with an ·' are interaction terms that apply only when the value of the preceeding main effect is 1'. study, exposure estimates from statistical models served as the foundation of the exposure assessment methodology and were used to directly estimate exposures for the moderate and highly exposed potroom jobs. The models were also used indirectly to extrapolate exposure levels for the lower exposed jobs that spend only a fraction of their time in exposed areas and to calibrate expert exposure ratings for the earliest time periods.
A key aspect of the models developed here for predicting exposures for a retrospective health study was the use of a linear spline time trend. Calendar year is often used as a surrogate for technological and administrative changes not captured by available exposure determinants. Most commonly year is offered as a continuous variable which assumes a linear change in the log-transformed exposure with time (Symanski et al., 1998a,b; Burstyn et al., 2000) . Technological changes entered as dichotomous variables (yes/no) are often treated as having an 'instantaneous' impact on exposure levels. More realistically, technological improvements are incorporated over time and there may be periods of stability between periods of technological change. Production and economic factors may also cause non-linear exposure changes with time (Symanski et al., 1998a) . Non-linear time trends have previously been accounted for by the use of quadratic terms (Hornung et al., 1994) or by offering categorical time periods in the model that provides stepwise changes in exposure but do not allow information to be borrowed from adjoining time periods (Dement et al., 1983) . One previous study has used a linear spline term to describe the time (M) indicates exposure estimates from 1977-2000 were derived from statistical models. Annual predicted exposures were averaged over the specified time periods for these jobs to obtain the time-period specific estimate. (C) indicates some personal exposure measurements were available for this job/work area for the later time periods. 367 Exposure assessment at a Söderberg aluminum smelter trend in exposures for retrospective exposure assessment (Raaschou-Nielsen et al., 2002) .
In the case of technological improvements in this aluminum smelter, technological improvements occurred over a period of years. To account for varying rates of exposure changes over time, we instead used information available on technological changes to define time periods where technology was similar or under transition and then modeled the exposure time trend for each time period while constraining the exposures to be equal at the interval boundaries. This has the added advantage of borrowing information from adjoining time periods, and while more flexible than incorporating a linear, quadratic, or categorical time trend it also required several assumptions. Our approach assumed that all jobs in the model have the same proportional decrease in exposure within each time period (and by pot line group for the potroom operations model). In the potroom operations model the time trend was driven by the exposure levels of pot operators, a job that accounts for onethird of all exposed person-years. Pot operators were sampled annually and accounted for approximately half of all exposure measurements. We were unable to estimate a job-specific time trend and thus we may have missed some job-specific impacts of technological changes, but because of the open and large environment of the potrooms this assumption is reasonable and was necessary given insufficient samples and significant gaps between sampling campaigns for most jobs.
The models presented here assumed constant variance over the time periods, pot lines and jobs; however, ignoring changes in the variance components would impact the arithmetic means. We tested this assumption by allowing heterogeneity in the variance components by time period in the models and also by visually inspecting plots of the geometric standard deviations for jobs over time, but we observed no substantive differences between pot lines within the same job or over time (not shown). However, we did observe that maintenance jobs had much greater variability than operations jobs as has previously been reported by Kromhout et al. (1993) , which is unsurprising due to the nonroutine nature and varying locations of their tasks. As such, we chose to develop the maintenance jobs and operations jobs models separately. The time trends and variance components were substantially different for the maintenance jobs models compared to the operations jobs models, confirming that it is important to explore possible heterogeneity of variance in models developed for retrospective exposure assessment.
The proportion of variability in the data explained by the models described here was typical of models developed for retrospective exposure assessment (Burstyn and Teschke, 1999) . The BaP measurements were much more variable than the CTPV (dataset GSD 5.1 versus 2.8, respectively). The resulting BaP models explained a much smaller proportion of the variability in the data than the CTPV models. Fewer distinctions between rates of exposure change by time periods were observed and the predicted changes in BaP exposure were generally less steep than for CTPV. The cause of the increased variability in BaP exposure levels is not certain; however, some potential but untested explanations include differences in analytical techniques between company and compliance samples (though source of measurement was not significant in the models) and BaP is known to be less stable than some other polycyclic aromatic hydrocarbons (Aubin and Farant, 2000) .
The drawback of using jobs as predictors in the models is that they cannot directly predict exposure levels for jobs where no measurements were present. An alternative option would have been to identify process conditions, control measures and specific job tasks that influence exposure, such as was done by Romundstad et al. (1999) . Using more specific determinants of exposure could increase the proportion of variability explained by the fixed effects in the model. We were limited in our ability to do so as operating condition and job task information were not collected alongside the exposure measurements, though some parameters could be extracted from plant records. Additionally, to be useful potential exposure determinants need to be available for the entire length of the retrospective study and exposure measurements must exist for every combination of process parameters. Rather, our goal was to predict average annual personal exposures for each job. Thus, using dates of technologically similar time periods and surrogates such as job was sufficient to borrow information across jobs and time periods to estimate average annual exposures for the health study, but would be insufficient for making decisions about control measures.
The models were limited to predicting the time trend for years where measurements were available. Back extrapolation to earlier periods requires some knowledge of the shape of the time trend. Limiting the use of predictive models to specific time ranges is not uncommon. For example, Hornung et al. (1994) limited the predictive model for ethylene oxide exposures to 1978 forward and for earlier time periods assumed a steady exposure level equivalent to 1978 levels. The exposure measurements covered the majority of the technological improvements at this smelter. The smelter modernization program began in 1975, so some continuation of the exposure decrease was expected between 1975 and 1977 and is supported by area measurements collected in the early 1970s. Prior to 1975 few major changes took place. The impact of these changes on exposure is impossible to calculate given the lack of exposure measurements; thus, decisions made by the original study's exposure assessment committee were used after calibration of their exposure estimates to the measurement-based 1977 exposure levels. With this calibration, and the finer discrimination provided with seven compared to the original four categories, we expect these exposure estimates to be improved over the original estimates.
Even when exposure measurements are available many assumptions are inherent in quantitative exposure assessment for retrospective studies. Yet quantitative exposure estimates have been found to more often yield larger risk estimates and sharpened exposure-response gradients suggesting that exposure misclassification is being reduced (Blair and Stewart, 1992) . Changes in the exposure-response relationship when moving from an expert-based semiquantitative exposure assessment to quantitative exposure estimates using statistical models as its foundation will be examined in the aluminum smelter study update. In addition, the use of BaP as a more specific marker of exposure will be assessed.
